ABSTRACT: For a three-dimensional structure to spontaneously self-assemble from many identical components, the steps on the pathway must be kinetically accessible. Many virus capsids are icosahedral and assembled from hundreds of identical proteins, but how they navigate the assembly process is poorly understood. Capsid assembly is thought to involve stepwise addition of subunits to a growing capsid fragment. Coarse-grained models suggest that the reaction occurs on a downhill energy landscape, so intermediates are expected to be fleeting. In this work, charge detection mass spectrometry (CDMS) has been used to track assembly of the hepatitis B virus (HBV) capsid in real time. The icosahedral T = 4 capsid of HBV is assembled from 120 capsid protein dimers. Our results indicate that there are multiple pathways for assembly. Under conditions that favor a modest association energy there is no accumulation of large intermediates, which indicates that available pathways include ones on a downhill energy surface. Under higher salt conditions, where subunit interactions are strengthened, around half of the products of the initial assembly reaction have masses close to the T = 4 capsid and the other half are stalled intermediates which emerge abruptly at around 90 dimers, indicating a bifurcation in the ensemble of assembly paths. When incubated at room temperature, the 90-dimer intermediates accumulate dimers and gradually shift to higher mass and merge with the capsid peak. Though free subunits are present in solution, the stalled intermediates indicate the presence of a local minima on the energy landscape. Some intermediates may result from hole closure, where the growing capsid distorts to close the hole due to the missing capsid proteins or from a species where subsequent additions are particularly labile.
■ INTRODUCTION
The design of molecular components that self-assemble into a specific three-dimensional structure is a challenging task because the geometry of the structure must be encoded into the intermolecular interactions of the components. With recent developments in synthetic biology it is now possible to design proteins that assemble into small cages. 1−8 However, the most exquisite examples of protein cages still come from nature. A virus capsid, the protein shell that surrounds the viral genome, is assembled from many, often hundreds, of identical proteins. For self-assembly to occur, the desired end point must be thermodynamically favored and kinetically accessible. In other words, there must be facile, low-energy pathways that lead to the desired structure. 9, 10 While a lot is known about the structures of natural protein cages, much less is known about how they assemble and avoid undesirable outcomes.
A spherical cage structure can, in theory, be generated with any number of components. 11, 12 However, spherical virus capsids are generally icosahedral and found in discrete sizes. The sizes are described by a triangulation number (T), where 60T is the number of proteins in the capsid. 13 Symmetry dictates that only certain T numbers are allowed; the smallest ones are 1, 3, 4, and 7, and they contain 60, 180, 240, and 420 capsid proteins, respectively.
Capsid assembly is thought to involve three steps: formation of a nucleus (a small capsid fragment), the sequential addition of capsid building blocks to the growing capsid, and finally closure, where the final building block is inserted to complete the icosahedron. 14−18 The building block can be a capsid protein, a dimer, or a larger capsid fragment. Coarse-grained models suggest that the energy landscape for subunit addition to the nucleus is downhill, 18 except perhaps for the completion step. 16 The energy landscape for self-assembly has been visualized as a "palm tree". Branches corresponding to higher energy local minima with low barriers form a steep potential energy gradient that effectively funnel the system into a welldefined global minimum. 9,10,12,19−21 During the assembly reaction, capsid building blocks and fully formed capsids are expected to be dominant over low abundance intermediates. 22 Capsid disassembly is a similarly complex process where up to ∼25% of subunits maybe removed, leaving a 90-dimer complex, until a catastrophic dissociation at a percolation threshold. 23 In the work reported here we have used charge detection mass spectrometry (CDMS) 24, 25 to track the assembly of the icosahedral T = 4 capsid of hepatitis B virus (HBV) in real time. Infectious HBV virions are formed through the assembly of the wild type 183-residue capsid protein (Cp183) nucleated by a nucleic acid−polymerase complex. 26, 27 However, about 90% of virus-like particles found in vivo are empty, demonstrating efficient self-assembly and indicating the importance of empty particles in infections. 28 A truncated form of the capsid protein which lacks the C-terminal nucleic acid binding domain (Cp149) also assembles into icosahedral capsids 29 that are indistinguishable from authentic virus particles. 30, 31 Capsids are believed to assemble by sequential addition of Cp149 dimers to a nucleus. 32 In vitro assembly can be triggered by raising the ionic strength, which strengthens dimer−dimer interactions. However, at high ionic strengths intermediates may become kinetically trapped. This can occur when a large number of nuclei are formed early in the assembly reaction and there is insufficient dimer present to complete them.
High-resolution mass spectrometry and ion mobility mass spectrometry have been used to investigate early intermediates in HBV capsid assembly as well as intact capsids. 33−35 Using charge detection mass spectrometry (CDMS), we previously identified kinetically trapped, high-mass intermediates in HBV assembly. 36 CDMS is a single-particle technique where the mass of each ion is directly determined from simultaneous measurements of its mass-to-charge ratio (m/z) and charge (z). It is particularly well-suited for monitoring the heterogeneous mixture of high-mass intermediates that may result from capsid assembly.
■ EXPERIMENTAL METHODS
Preparation of Capsid Protein Cp149. The truncated form of the capsid protein containing only the assembly domain (Cp149) was expressed in E. coli and purified as previously described. 37 A reassembly and dissociation step was included in the purification procedure to remove inactive protein. Assembly competent protein was dialyzed into 20 mM ammonium acetate at pH 7.5. Assembly was initiated by raising the ammonium acetate concentration to increase the ionic strength.
Time-Resolved Charge Detection Mass Spectrometry. In ion trap CDMS, single ions are trapped in a linear ion trap where they oscillate back and forth through a conducting cylinder. As an ion enters the cylinder it is detected by a charge sensitive amplifier. The resulting signal is analyzed to provide the m/z and charge, which are combined to provide the mass of each ion.
A detailed description of the home-built charge detection mass spectrometer used in this work can be found elsewhere. 38−42 Ions are generated by a chip-based nanoelectrospray source. They enter the instrument through a heated capillary and pass through three differentially pumped regions where they are separated from the ambient gas that flows through the capillary. The ions are then accelerated through a 100 V potential difference and focused into an ion beam. A narrow band of ion energies centered on 100 eV/z is selected by a dual hemispherical deflection energy analyzer (HDA) and focused into a modified cone trap that contains the charge detection cylinder. Potentials are applied to the end-cap electrodes to trap ions. In this work we used continuous or random trapping (where the trap is closed without knowing whether an ion is present). The trapping period was 100 ms.
As the trapped ion oscillates back and forth in the detection cylinder it induces a periodic signal which is amplified, digitized, and then analyzed in real time by a Fortran program using fast Fourier transforms. The m/z is obtained from the fundamental frequency, and the charge is obtained from the magnitudes of the fundamental and first harmonic. The calibration of the charge and m/z measurements has been discussed elsewhere. 42 Ions passing through the trap have a narrow distribution of kinetic energy per charge defined by the HDA, and therefore each ion's velocity is related to its m/z, i.e., v ∝ (m/ z)
. With random trapping the probability an ion is trapped is proportional to the time it spends in the trap. Consequently, slow (high m/z) ions are trapped more easily than fast (low m/z) ions. To correct for this difference, each ion is weighted by its m/z −1/2 . For the time-resolved CDMS measurements, a solution of 10, 20, or 40 μM Cp149 dimer in 20 mM ammonium acetate is mixed with an equal volume of 400 or 1000 mM ammonium acetate solution to initiate assembly. After mixing, the reaction mixture is immediately loaded into the reservoir of the nanoelectrospray source, where the assembly reaction continues while the solution is electrosprayed. The ions detected by CDMS are time-stamped, and so knowing when the assembly reaction was initiated, it is possible to relate each ion to a particular reaction time. The frequency of single ion trapping events is relatively low, 3−4 ions per second at best, with random trapping and the 100 ms trapping period used here. Too few ions are detected in a single reaction to generate time-resolved spectra. To increase the number of ions, the results of many identical reactions are combined and sorted into time windows.
■ RESULTS
Time-resolved CDMS measurements were performed with a range of ammonium acetate and Cp149 dimer concentrations. Kinetic traps can be induced in reactions at relatively high protein concentrations or at relatively high association energy proportional to ionic strength. The measurements in this series of experiments were performed with Cp149 dimer concentrations (after mixing) of 5, 10, and 20 μM and ammonium acetate concentrations of 210 and 510 mM.
The results in each panel of Figure 1 are a compilation of the ions measured for 8−28 identical experiments. Ions were recorded continuously for at least 90 min after the assembly reaction was initiated. Some reaction mixtures were also sampled periodically over the course of several days. The x-axis in Figure 1 shows the mass parsed into 20 kDa bins, about half the mass of a dimer, the y-axis is the intensity normalized by total peak area including low mass ions (not shown in the plot for clarity), and the z-axis represents the reaction time binned into 10 min intervals. The earliest time interval (0−10 min) is at the front of each plot. Figure 1A shows time-resolved CDMS spectra measured over the first 90 min of an assembly reaction with a dimer concentration of 5 μM and an ammonium acetate concentration of 210 mM. The most prominent assembly product in the CDMS spectra is the peak at around 4.1 MDa, which is attributed to an overgrown T = 4 capsid (i.e., a capsid with slightly more than the expected 120 dimers). 43 A small amount of intermediate of ≥90 dimers is also observed. HBV can form both 90-dimer T = 3 and 120-dimer T = 4 capsids in vivo and in vitro. 44, 45 In vivo, around 5% of the capsids are T = 3. 46 For in vitro assembly with Cp149, the relative abundances are affected by the identity and ionic strength of the assembly buffer. 47, 48 In ammonium acetate, little T = 3 capsid is formed under low salt conditions. 43 Therefore, we expect that most of this broad peak is due to intermediates.
If the assembly reaction is treated as an equilibrium, the capsid concentration is given by
The large stoichiometry exponent leads to a pseudo-critical concentration for capsid formation. Below the pseudo-critical concentration the capsid concentration is very small; free dimer is the main species present. Above the pseudo-critical concentration, the amount of capsid increases approximately linearly as any dimer above the pseudo-critical concentration is mainly converted into capsid. 22 Under the conditions used here, the pseudo-critical concentration is 3.55 μM. Thus, the
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Article dimer concentration used to obtain the results in Figure 1A (5 μM) is only slightly above the pseudo-critical concentration.
The low dimer concentration coupled with the low salt concentration used to obtain the results in Figure 1A leads to relatively slow assembly. The peak at 4.1 MDa can be seen to grow during the 90 min time window shown. We found that different dimer preparations often led to different rates of assembly. The results shown in Figure 1A are on the slow end for these conditions. A few other species are observed in the 1− 5 MDa mass range shown in the figure. In addition to the broad peak at 3.2 MDa, there is a broad low-intensity feature at early times at around 1 MDa discussed below. Figure 1B shows the result of increasing the dimer concentration to 10 μM under the same low salt conditions used for Figure 1A . With the higher dimer concentration, the initial assembly reaction is much faster and appears to be complete well within the first 10 min time interval. A small feature at around 3.1 MDa is present in the first time point and shifts to higher mass as the reaction proceeds. Figure 1C shows the effect of increasing the salt concentration while maintaining the dimer concentration (10 μM) used in Figure 1B . Raising the salt concentration leads to a large increase in the abundances of species with masses between 3 and 4 MDa. According to light scattering measurements, the initial assembly reaction approaches equilibrium in under a minute for the conditions used here. 43 A little over half of the of the products have masses between 3 and 4 MDa while a little under half are in the overgrown capsid peak at around 4.1 MDa. At the first time point in Figure 1C there is a broad feature at around 3.2 MDa with a high mass tail and a sharper capsid peak at around 4.1 MDa. As the reaction proceeds, the broad peak at around 3.2 MDa becomes broader and moves to higher masses, progressing toward the capsid peak. Nonetheless, after 90 min, most of the large species with masses between 3 and 4 MDa are still present, and there has not been a significant increase in the intensity of the capsid peak. The variations in the intensity of the peak at around 4 MDa in Figure 1C are attributed to random fluctuations from the way the spectra are assembled from many individual experiments. The variations diminish as more experiments are summed. Figure 1D shows time-resolved CDMS spectra measured over the first 90 min of an assembly reaction initiated with a Cp149 dimer concentration of 20 μM and an ammonium acetate concentration of 510 mM. Doubling the dimer concentration under high salt conditions did not lead to a significant change in the relative abundance of the capsid peak and dimer (not shown). However, the distribution of species with masses between 3 and 4 MDa is different, and unlike the situation with the lower dimer concentration, they do not appear to progress much with time. There is a peak at around 3.1 MDa accompanied by a broad distribution of species with masses between 3.1 and 4.0 MDa. The peak of this distribution is at around 3.7 MDa.
CDMS spectra showing the assembly of 20 μM dimer in 210 mM ammonium acetate and 5 μM dimer in 510 mM ammonium acetate can be found in Figures S1 and S2 of the Supporting Information. Increasing the dimer concentration from 20 μM under low salt conditions (210 mM ammonium acetate) produced assembly mass distributions similar to those shown in Figure 1B ( i.e., highly abundant T = 4 capsid with a low abundant feature around 3.1 MDa). In addition, assembly with 5 μM dimer in 510 mM ammonium acetate retains trends similar to Figure 1C : intermediates around 3 MDa are greatly enhanced despite the low protein concentration.
Another notable feature of the results shown in Figure 1D is the substantial high mass tail that extends from the peak at around 4.1 MDa. A closer inspection of all the results in Figure  1 shows that there are high mass tails on the 4.1 MDa peak under all conditions, indicating capsid overgrowth. The tail in Figure 1D , where reactions have high Cp149 and salt concentrations, is the most prominent, extending to almost 5 MDa.
We previously used CDMS to detect kinetically trapped intermediates from the assembly of Cp149. 36 In that work, assembly was initiated by in 1 M sodium chloride, and after 24 h reactions were dialyzed for 24 h against 300 mM ammonium acetate for analysis. These conditions provided long times Figure 1 . Time-resolved CDMS spectra showing the progression of capsid assembly over the first 90 min for a reaction mixture containing an initial dimer concentration of (A) 5 μM in 210 mM ammonium acetate, (B) 10 μM in 210 mM ammonium acetate, (C) 10 μM in 510 mM ammonium acetate, and (D) 20 μM in 510 mM ammonium acetate. The earliest time interval (0−10 min) is at the front. The spectra were generated using 20 kDa bins. Each spectrum is normalized by the sum of all ions measured for each time point.
Article under aggressive assembly conditions for complexes to evolve and then long times under mild conditions for the less stable complexes to dissociate or rearrange. We observed a broad distribution of species with masses between 3.2 and 4.0 MDa with prominent features at 3.5 and 3.7 MDa. We do not observe the same prominent features here. However, we do observe a similar broad distribution of intermediates with masses between 3 and 4 MDa. Figure 2 shows a higher resolution CDMS spectrum for the mildest assembly conditions in Figure 1 (panel A: 5 μM dimer in 210 mM ammonium acetate). Figure 2A compiles the first 30 min of the reaction. The spectrum was generated by binning all ions measured in the first 30 min into 5 kDa bins. The inset shows an expanded view of the low mass region where peaks due to the dimer and oligomers of up to five dimers are resolved. The oligomers are denoted by d n , where n represents the number of dimers present. The green line shows ions with masses between 0.5 and 2.5 MDa binned into 20 kDa bins, enlarged by a factor of 10. A broad low-intensity peak is evident at around 1.1 MDa. The red line shows ions above 2.5 MDa binned into 20 kDa bins, enlarged by a factor of 100. A small broad peak at around 3.2 MDa is evident. Figure 2B shows the corresponding spectrum for the 90−120 min time interval. Peaks are resolved for dimer to (dimer) 5 (see inset in Figure 2B ). At this later time interval, the peaks corresponding to (dimer) 2 through (dimer) 5 have decreased significantly relative to the free dimer peak. The broad lowintensity feature observed at around ∼1.1 MDa in the 0−30 min spectrum has almost disappeared. The fact that this feature is broad, diminishes as the reaction proceeds, and the capsid peak grows, suggests that the peak is an ensemble of intermediates. Similarly, the small peak at around 3.1 MDa in the 0−30 min spectrum (Figure 2A) , has broadened slightly, and shifted to slightly higher mass in the 90−120 min spectrum ( Figure 2B) , and over time it continues to shift to higher mass. The prominent peak at around 4.1 MDa has a high mass tail which continues to extend toward higher mass over the course of 0−30 min.
The spectra in Figure 2 are dominated by the peaks due to the dimer and dimer oligomers. The relative abundance of the capsid peak is very low. The low relative abundance results because the initial dimer concentration (5 μM) is only slightly larger than the pseudo-critical value (3.55 μM). After 24 h, the ratio of the number of dimers in the low mass species (<2.5 MDa) in the CDMS spectrum to the number of dimers in the high mass species (>2.5 MDa) is in reasonable agreement with ratio of dimer to capsid determined at the same time point with size exclusion chromatography. 43 Assembly in 510 mM ammonium acetate generates a much higher abundance of species with masses between 3 and 4 MDa. Figure 3 shows a more detailed view of the species generated with an initial dimer concentration of 10 μM. The mass spectrum represented by the blue trace in Figure 3A was 
Article generated by combining all ions from the first 30 min of the assembly reaction shown in Figure 1C into 5 kDa bins. The inset shows an expanded view of the low mass region up to 0.5 MDa where peaks due to the dimer and dimer oligomers are resolved. The red trace shows ions with masses between 2.5 and 5 MDa binned into 20 kDa bins, magnified by a factor of 25, and vertically offset. The inset in Figure 3A shows the most abundant peak in the spectrum which corresponds to dimer. There is a small amount of (dimer) 2 , and a broad distribution of masses out to 0.25 MDa corresponds to dimer oligomers from (dimer) 3 to (dimer) 7 ; however, the larger oligomers are poorly resolved, partly due to their low abundances. Few species are observed between 1 and 3 MDa. A broad distribution exists between 3 and 4 MDa, with the apex of the distribution centered at around 3.2 MDa. The prominent peak at around 4.1 MDa is close to the mass expected for the T = 4 capsid. Figure 3B shows the spectrum for a time interval of 90−120 min. Above 3 MDa, the broad distribution has shifted to a higher mass, with the apex at around 3.5 MDa. After 44 h (Figure 3C ), the broad peak between 3 and 4 MDa appears to have merged with the capsid peak at around 4.1 MDa. The capsid peak still has a low-mass tail, suggesting that some capsids are still struggling to complete. The inset in Figure 3C shows that the dimer and dimer oligomers up to (dimer) 6 are resolved at this time. Figure 4 shows CDMS spectra measured over 5 days for the assembly of 20 μM dimer in 510 mM ammonium acetate; the conditions of this reaction are identical to those used for Figure  1D . The x-axis shows the mass binned into 20 kDa bins, the yaxis is the intensity normalized by peak area, and the z-axis represents the reaction time binned into 1 day intervals. After 1 day there is still a relatively sharp peak at 3.1 MDa (around 90 dimers) along with a broad, lower intensity distribution between 3.2 and 4 MDa. Over the next few days the sharp peak at 3.1 MDa decreases in abundance and appears to shift in mass toward the T = 4 capsid. This trend is consistent with the behavior observed for assembly under lower dimer and salt conditions. After 5 days, there is no longer a discernible peak at 3.1 MDa, and the intensity between 3 and 4 MDa has become much lower. These results indicate that the peak at 3.1 MDa is not due to the T = 3 capsid as the T = 3 capsid is stable in ammonium acetate. T = 3 capsids assembled in sodium chloride and dialyzed into ammonium acetate persist in solution for months.
■ DISCUSSION
With the Lower Salt Concentration There Are Efficient Downhill Pathways from Dimer to Capsid, and Few Intermediates Are Observed. The main features in the CDMS spectrum measured for assembly with the lower salt concentration (210 mM) are the dimer, small oligomers, and a relatively narrow peak at around 4.1 MDa attributed to the overgrown capsid. 43 For the lower dimer concentration (5 μM) there is also a broad peak centered on around 1.1 MDa (around 32 dimers) (see Figure 2A ). This feature is most abundant in the spectrum for the earliest time point (see Figure 1A) . Though its identity cannot be determined by CDMS, a compact circular patch of dimers is predicted to be most stable based on maximizing interdimer contacts and minimizing line tension; it is also predicted to be kinetically accessible. 15, 49 The small oligomers and the feature at around 1.1 MDa behave like intermediates. They are observed early in the reaction and depleted as the reaction proceeds. The low abundance of species with masses between 2 and 4 MDa indicates that there must be a downhill pathway ensemble from the dimer and small oligomers to the overgrown capsid with no significant pause points along the way (i.e., a pathway with a steep potential energy gradient associated with efficient selfassembly 19, 50 ). The steep pathway probably involves intermediates that are fragments of the complete capsid. The small oligomers are prominent during assembly in agreement with predictions from master equations.
14,51
With the Higher Salt Concentration around Half of the Assembly Products Are Trapped as Low Free Energy Intermediates with Masses between 3 and 4 MDa. When the salt concentration is increased to 510 mM, the first phase of the reaction is complete in less than a minute. However, only around half of the products of the initial assembly reaction are in the peak at around 4.1 MDa due to the overgrown capsid. This indicates that there is a facile pathway available. Most of the remaining balance is intermediates with masses between 3 and 4 MDa. With a dimer concentration of 10 μM, the 3−4 MDa intermediates gradually shift to higher mass during the 90 min time scale shown in Figure 1C . Inspection of Figure 3 shows that a significant amount of the dimer remains after the initial assembly reaction is complete. The pseudo-critical concentration for assembly of capsid under high salt conditions is around 0.7 μM. 43 Thus, it is unlikely that the stalled intermediates are due to low dimer concentration. Thus, species with masses between 3 and 4 MDa are not trapped by the absence of dimer needed to proceed to capsid. Instead, these species resist proceeding to the complete capsid because they are local free energy minima. It is anticipated that some of these species are off pathway due to puckering (suggested below), association of mismatched fragments, or trapped defects that increase the lifetime of the intermediates.
With Aggressive Assembly Conditions the 3−4 MDa Intermediates Are Kinetically Trapped. With a dimer concentration of 20 μM and high ionic strength, the 3−4 MDa intermediates do not progress during 90 min shown in Figure  1D . However, the dimer concentration after the initial assembly reaction is much lower than with the 10 μM initial dimer concentration and lower ionic strength and difficult to measure by CDMS. In high ionic strength, a large number of nuclei form early in the assembly reaction, and thus insufficient dimer is present to complete the capsid. In these circumstances, dissociation becomes a limiting step in the assembly reaction; Figure 4 . Time-resolved CDMS spectra showing the progression of capsid assembly over 5 days for a reaction mixture containing a total protein (dimer) concentration of 20 μM in 510 mM ammonium acetate. The earliest time interval (1 day) is at the front. The spectra were generated using 20 kDa bins.
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Stable Intermediates That Emerge at around 90 Dimers Are Not T = 3 Capsids. A striking feature of the results presented here is the abrupt emergence of intermediates at around 90 dimers (see Figure 1) , close to the mass of a T = 3 capsid. However, the trapped intermediates slowly progress toward the T = 4 capsid, so their emergence at 90 dimers is not related to the T = 3 capsid. Assuming that facile pathways for capsid assembly involve intermediates that are incomplete capsid, there are several explanations for the accumulation of the intermediates at ≥90 dimers: (i) There is a subset of the capsid fragments that are more stable and progress more slowly under high salt conditions. However, these species should be observable at low protein concentrations but are not. (ii) There is another geometry that can only be accessed with 90 dimers involved. (iii) Instead of assembly one subunit at a time, higher concentrations of intermediates support association of several fragments resulting in nonicosahedral geometry with difficultto-fill disclinations. However, there is no evidence of accumulation of the moderate sized intermediates needed to make this sort of chimera. (iv) Assembly is limited by defects in the lattice, making dissociation a limiting step in the formation of capsid.
Stable Intermediates That Emerge at around 90 Dimers Are Probably Not Incomplete Capsids. A plausible low-energy geometry for an incomplete T = 4 capsid missing up to around 30 dimers is a T = 4 capsid with a single, roughly circular hole. There is an energetic cost associated with the hole (the line tension) which results from missing dimer−dimer contacts. The line tension acts to minimize the length of the perimeter of the hole, making a single circular hole favorable to multiple holes and noncircular holes. A high symmetry intermediate with a single hole can be formed by removing a circular 30 dimer fragment from a T = 4 capsid. Because of its symmetry, addition of another dimer to this species would be less favorable because it would be bound by only two dimer− dimer contacts. This could provide an explanation for why the 90-dimer species is a prominent intermediate. However, it does not provide an explanation for why progression of all species between 3 and 4 MDa is slow, it does not provide an explanation for why progression is fast below 3 MDa where similar species could be devised, and it does not provide an explanation for why the intermediates become stalled when the ionic strength is increased. For the reverse reaction, it has been observed that a capsid with a singular hole is unlikely. 23 We Speculate That Hole Collapse Accounts for the Emergence of Stable Intermediates at around 90 Dimers. It is known that a hole in a shell can collapse before the optimum number of subunits is present. 52 In this case, the energetic cost of distorting the shell to fill the hole is compensated by the loss of line tension. A plausible explanation for the sudden emergence of the trapped intermediates at 90 dimers is that this is the minimum size where it is energetically favorable for the hole to collapse. For a T = 4 capsid with a hole of around 30 dimers, distortion from a spherical geometry could allow the hole to heal. This geometry would be lower in energy than the undistorted T = 4 fragment but higher in energy than the complete T = 4, so it is still energetically favorable to complete the capsid. However, in order for the capsid to grow, it is now necessary to open up at least part of the sealed edge of the hole. There is an energetic cost associated with opening up the hole, leading to an activation energy for capsid growth. This would explain why the intermediates take so long to complete. By this logic, the reason the intermediates are only observed under high salt conditions is that the high ionic strength strengthens the dimer−dimer interactions so that the energy gained by sealing the hole is larger than the energetic penalty of distorting the capsid.
■ CONCLUSIONS
The results presented here indicate that assembly of the HBV capsid can follow multiple pathways with disparate time scales. The data support pathways that are not susceptible to trapping and pathways that are. Even successful assembly has evidence of multiples classes of assembly kinetics. Here, we observe a facile pathway from dimer to the overgrown capsid. This pathway occurs on an energy landscape that must be efficiently downhill. Under the lower salt conditions studied here almost all of the assembly reaction follows this route. The most prominent intermediates are small oligomers and a broad, low-abundance distribution with around 32 dimers. Few intermediates are observed between 2 and 4 MDa.
Under the higher salt conditions studied here the initial phase of the assembly reaction is fast, occurring in less than a minute. However, around half of the assembly is stalled at ≥90 dimers and then progresses much more slowly toward the capsid. This is potentially due to defects in the growing capsids that arise from stronger association energy. These defective particles can anneal to a low-energy state, but at a very slow pace. If this is the case, dissociation steps must be part of the process of a nascent capsid reaching the final product. Another plausible explanation for the stalled intermediates is that they result from hole closure where the capsid has distorted to close the hole due to the missing dimers. Increasing the salt concentration strengthens dimer−dimer interactions which favors hole closure. The abrupt appearance of the intermediates at around 90 dimers can be attributed to the presence of a minimum size for hole closure.
The data presented here are specific to HBV, but the picture of capsid assembly that arises from these data is probably general. The ensemble of assembly intermediates is exquisitely sensitive to concentration and association energy. It is striking that conditions with weak interdimer association, closer to physiological, lead to a funneled potential energy landscape with low downhill barriers whereas assembly conditions that favor strong association energy lead to a plethora of minima. Such landscapes have been visualized for a variety of selforganizing systems, including capsid assembly. 10, 19, 21 Theory has established that these landscapes are amenable to forming capsid shells of incorrect geometry and also that the probability of forming defective particles in a real system is high. 12 The persistence of these minima implies off path specieswe favor a model for these intermediates where edges of hole in an incomplete lattice collapse and interact, blocking addition of the new subunits. An implication of this model is that incomplete capsids are extremely flexible.
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